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As nanopartículas de dióxido de titânio (NPs de TiO2) têm sido amplamente 
utilizadas em várias aplicações industriais e produtos de consumo. Devido à sua 
grande produção e uso, acabam por entrar nos ambientes aquáticos. Uma vez 
no ambiente aquático, as NPs de TiO2 podem interagir com os organismos e 
induzir efeitos tóxicos. Além da contaminação, os organismos também estão 
expostos a alterações climáticas, responsáveis por um aumento gradual da 
temperatura nos oceanos, que pode causar danos fisiológicos e bioquímicos nos 
organismos aquáticos e maior sensibilidade a poluentes. Além disso, já foi 
reportado que o aquecimento pode alterar as propriedades e a toxicidade dos 
poluentes. Como as formas mais comuns das NPs de TiO2 são o rutílio e a 
anatase, o presente estudo avaliou os efeitos destas duas formas em Mytilus 
galloprovincialis à temperatura controlo e os efeitos das NPs de rutílio sob 
condições de aquecimento global. Para isto, os mexilhões foram distribuídos em 
duas salas climáticas para manter os organismos em duas temperaturas 
diferentes: 18 ± 1 e 22 ± 1 °C. As concentrações testadas de NPs de rutílio e 
anatase a 18 °C e de rutílio a 22 ºC foram 0 µg/L; 5 µg/L; 50 µg /L; e 100 µg/L. 
A exposição durou 28 dias e no final foram avaliadas as concentrações de Ti no 
tecido dos mexilhões, as alterações histopatológicas e os efeitos bioquímicos. 
Os resultados histopatológicos demonstraram que ambas as formas de TiO2 
induziram alterações nas brânquias e nas glândulas digestivas ao longo do 
aumento das concentrações de exposição, independentemente da temperatura. 
Os parâmetros bioquímicos mostraram que os mexilhões expostos a NPs de 
rutílio na temperatura controle mantiveram a capacidade metabólica (avaliada 
pela atividade da cadeia de transporte de eletrões, ETS), enquanto o 
metabolismo dos mexilhões expostos a NPs de rutílio a 22 °C aumentou quando 
expostos a 5 e 50 µg/L de Ti e os mexilhões expostos a NPs de anatase também 
aumentaram a capacidade metabólica. Os mexilhões expostos a NPs de rutílio 
à temperatura controlo aumentaram as defesas desintoxicantes que, devido às 
baixas concentrações testadas, foram suficientes para evitar danos celulares. 
Por outro lado, os mexilhões expostos a NPs de anatase sofreram danos 
celulares, apesar do aumento das defesas antioxidantes, o que pode estar 
relacionado com a maior atividade da cadeia de transporte de eletrões. Além 
disso, os mexilhões expostos a NPs de rutílio sob temperaturas mais elevadas 
ativaram as defesas antioxidantes, porém ainda ocorreram danos celulares 
nessas condições. No geral, este estudo mostrou que as NPs de rutílio e 
anatase são tóxicas para M. galloprovincialis, com maior stress oxidativo 
exercido pela anatase e que o aumento da temperatura pode aumentar 
significativamente a sensibilidade de bivalves para as NPs de rutílio, 
demonstrando impactos tóxicos mais elevados em mexilhões expostos a NPs 
























Titanium dioxide nanoparticles (TiO2 NPs) have been widely used in various 
industrial applications and consumer products. Due to their large production and 
use, they will eventually enter into aquatic environment. Once in the aquatic 
environment TiO2 NPs may interact with the organisms and induce toxic effects. 
Beside contamination, organisms are also exposed to climate change, 
responsible for a gradual increase in the ocean temperature, which can cause 
physiological and biochemical impairments in aquatic organisms as well as 
increased the sensibility of organisms to pollutants. Furthermore, it is already 
reported that warming may change the properties and toxicity of pollutants. Since 
the most common forms of TiO2 NPs are rutile and anatase, the present study 
evaluated the effects of these two forms in Mytilus galloprovincialis at control 
temperature and the effects of rutile NPs under warming conditions. For this, 
mussels were distributed into two climatic rooms to maintain organisms at two 
different temperatures: 18±1 and 22±1 °C. The tested concentrations of rutile 
and anatase NPs at 18 °C and of rutile ate 22 °C were 0 µg/L; 5 µg/L; 50 µg/L; 
and 100 µg/L. The experimental exposure lasted 28 days and at the end Ti 
concentrations, histopathological alterations and biochemical effects were 
evaluated. Histopathological results demonstrated that both forms of TiO2 
induced alterations on gills and digestive glands along the increasing exposure 
concentrations regardless the temperature. Biochemical markers showed that 
mussels exposed to rutile NPs at control temperature maintained their metabolic 
capacity (assessed by the activity of the electron transport system, ETS), while 
the metabolism of mussels exposed rutile NPs under higher temperature 
increased at 5 and 50 µg/L of Ti and in mussels exposed to anatase NPs the 
metabolic capacity was increased. Mussels exposed to rutile NPs at control 
temperature increased their detoxificant defenses which, due to the low tested 
concentrations, were sufficient to avoid cellular damage. On the other hand, 
mussels exposed to anatase NPs suffered cellular damages despite the 
increased in antioxidant defenses which may be related to higher activity of the 
electron transport system. Also, mussels exposed rutile NPs under higher 
temperature activated the antioxidant defenses, however still cellular damage 
occurred under these conditions. Overall, this study showed that rutile and 
anatase NPs were toxic to M. galloprovincialis, with higher oxidative stress 
exerted by anatase form and that temperature rise may significantly increase the 
sensitivity of bivalves towards rutile NPs, revealing higher toxic impacts in 
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1.1. Marine coastal systems: major stressors 
Marine coastal systems are among the most productive ecosystems in the world 
(Dayton et al., 2005). These dynamic areas are usually defined as the interface between land 
and sea and for this reason are subjected to natural and anthropogenic changes (FAO, 1998). 
Coastal systems such as estuaries and lagoons are water bodies that connect terrestrial, 
freshwater and marine systems (Dame, 2008) and because of that they are expected to be the 
ultimate sink for contaminants (Islam and Tanaka, 2004; Dauvin and Ruellet, 2009). In fact, 
coastal systems have been exposed to a variety of contaminants including “classical” (like 
metals and organic) (Huang et al., 2014; Artifon et al., 2019; Gao et al., 2019) and emerging 
contaminants (ECs) such as rare-earth elements (REEs) (Elderfield et al., 1990; Casse et al., 
2019), nanoparticles (NPs) (Baalousha et al., 2011; Gondikas et al., 2014) or 
pharmaceuticals (Desbiolles et al., 2018; Fernández-Rubio et al., 2019). Besides 
contamination, marine coastal systems are increasingly subject to climate change related 
factors, including warming and acidification (Angel, 1991; Murawski, 1993; Caldeira and 
Wickett, 2003; Orr et al., 2005).  
 
1.1.1. Emerging contaminants 
In the last few decades, population growth and the expansion of the chemical, 
agrochemical, cosmetic and pharmaceutical industries led to the synthesis and increased 
manufacture and usage of innumerous compounds known as emerging contaminants (ECs) 
(Starling et al., 2019). These substances are not commonly monitored in the environment 
because they have only recently being considered potentially toxic (Rodriguez-Narvaez et 
al., 2017; Martín-Pozo et al., 2019). Emerging contaminants are a heterogeneous group of 
compounds that includes REEs, pharmaceuticals, personal care products, flame retardants 
and endocrine disrupting chemicals (Martín-Pozo et al., 2019). 
Among anthropogenic ECs are also manufactured NPs that include carbonaceous 
nanomaterials, metal oxides, semiconductor materials (quantum dots (QDs)), zero-valent 
metals (iron (Fe), silver (Ag), and gold (Au)) and nanopolymers (Fadeel and Garcia-Bennett, 
2010; Măruţescu et al., 2019). Nanoparticles can be in an unbound state, as an aggregate 
(hard bonds between particles) or as an agglomerate (weak bonds between particles) (Jiang 
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et al., 2009; Maskos and Stauber, 2016) and at least one dimension must have 1–100 nm to 
be considered as NPs (Hood, 2004; The European Commission, 2011; ISO, 2015). 
Nanoparticles exhibit different properties than their bulk counterparts as they have a very 
large surface area-to-volume ratio (D’Agata et al., 2014; Măruţescu et al., 2019) allowing 
the production of new technologies with novel or improved specificities and applications 
(Măruţescu et al., 2019). These particles can be produced by chemical (‘‘bottom-up 
methods’’), physical (‘‘top-down methods’’) and biological (green methods) synthesis 
(Yazdi et al., 2016) and in various shapes such as rod (Mnasri et al., 2016), cube (Zhou et 
al., 2019), sphere (Zhang and Zheng, 2019) and nanoplate (Im et al., 2019). It is difficult to 
characterize NPs due to their tendency to aggregate or agglomerate when there is a change 
in surrounding environment and also due to their small size which is usually below the 
wavelength limit of direct optical detection via light microscopy (Maskos and Stauber, 
2016). Nanoparticles have received considerable attention in physics, chemistry, biology, 
and technology because their use is more efficiency compared to bulk particles due to their 
unique characteristics (mechanical, physical, catalytic, optical, and electrical conductivity) 
and their small dimensions (Hosseinzadeh et al., 2016; Măruţescu et al., 2019). For these 
reasons their applications in various industries have rapidly expanded (Banerjee et al., 2017; 
Cai et al., 2017; Dey et al., 2017; Gao et al., 2017; Priyadarshini and Pradhan, 2017; Liu, 
2006). 
The increasing production of several NPs caused its increase in the environment and, 
therefore, doubts concerning nanoparticle effects on the environment and human health has 
rised (Zanjani et al., 2018), although these materials can be used in biological applications, 
such as water treatment (Coppola et al., 2019; Masunga et al., 2019) in order to improve 
aquatic environment health (Zanjani et al., 2018). However, several studies have shown that 
NPs induced adverse effects to marine and freshwater organisms. Gambardella et al. (2015) 
shown that silica NPs (SiO2) induced anomalies in sea urchin offspring and neurotoxicity in 
sea urchin (Paracentrotus lividus).  Ale et al. (2019) demonstrated that Ag NPs cause cellular 
damage and Ag accumulation in the mussel Mytilus galloprovincialis. Also, Barreto et al. 
(2019) shown that the fish species Sparus aurata had decreased their swimming performance 
and increased oxidative damage in gills and liver when exposed to Au NPs. According to De 
Marchi et al. (2018; 2019 a,b) carbon nanotubes induce oxidative damage and neurotoxicity 
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in clams (Ruditapes philippinarum) and polychaetes (Nereis diversicolor, Diopatra 
neapolitana). 
 
Titanium dioxide nanoparticles as emerging contaminants 
Titanium dioxide (TiO2) displays properties including a bright white color, ability to 
block UV light, long-term stability, antimicrobial activity, hydrophilicity as well as a 
relatively low cost (Hoffmann et al., 1995; Su et al., 2006; Wang et al., 2009; Cho et al., 
2013). TiO2 NPs are metal oxide nanoparticles which have been extensively used in various 
industrial applications and consumer products including personal care products as sunscreen, 
creams and toothpastes (Wahie et al., 2007; Johnson et al., 2011; Lu et al., 2015; de la Calle 
et al., 2017; Sureda et al., 2018), as pigment in paints, plastics, and paper (Winkler, 2003; 
Kaegi et al., 2008; Amorim et al., 2018); as well as in food storage acting as an antibacterial 
agent (Cui et al., 2016; Zhu et al., 2018). For this reason it is estimated that the worldwide 
TiO2 NPs will reach 2.5 million tons by 2025 (Mezni et al., 2018).  
There are mainly three crystalline forms of TiO2, namely anatase (tetragonal), rutile 
(tetragonal), and brookite (orthorhombic) (Fig. 1) (Cho et al., 2013; Iswarya, 2018). Among 
these, rutile and anatase are the most common forms of TiO2 due to their properties such as 
high photocatalysis, refractive index and transparency to visible light and high UV 
absorption (Braydich-Stolle et al., 2009; Iswarya, 2018). Brookite has been rarely used and 
studied so far, due to its scarcity in the environment (Allen et al., 2010) and difficulties in 
preparing significant amounts of good quality material (Gong and Selloni, 2007). Both rutile 
and anatase are widely employed in consumer products like toothpaste, sunscreens, food, 
paints, plastics, paper, and biomedical devices (Wang et al., 2007; Yang et al., 2009; 
Middlemas et al., 2013; de la Calle et al., 2017; Barbosa et al., 2018; Leong and Oh, 2018; 
Dorier et al., 2019). Furthermore, they are also used in environmental oriented applications 
including water treatment (Yuzer et al., 2016; Abdel-Maksoud et al., 2018), air purification 
(Paz, 2010) and soil remediation (Yang and Xing, 2009). Rutile is commonly used in optical 
elements, since it has one of the highest refractive indices at visible wavelengths of any 
known crystal and also exhibits a particularly large birefringence and high dispersion 
(Iswarya et al., 2016, 2018). It is also used as a dielectric material in ceramics (Amtout and 
Leonelli, 1995; Wang et al., 2019). Anatase is applied as a catalytic support for the 
production of nanotubes and nanoribbons (Mogilevsky et al., 2008) and used in 
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photovoltaics (Grätzel, 2001).  Due to their worldwide production and usage, both forms of 
TiO2 NPs are released in enormous quantities in urban and industrial sewage and, 
consequently, reach aquatic environments (Colvin, 2003; Lecoanet and Wiesner, 2004; 
Guzman et al., 2006; Nowack and Bucheli, 2007; Gottschalk and Nowack, 2011; Nowack 
et al., 2012). 
 
 
Dissolved Ti is usually present at very low concentrations in marine systems with 
concentrations ranging between 0.01 and 5.5 µg/L (Yan et al., 1991; Yokoi et al., 1991; 
Skrabal, 2006). With the increased use of TiO2 NPs and low capacity of wastewater 
treatment plants (WWTPs) to eliminate these NPs (Shi et al., 2016), Ti concentration has 
been increasing in aquatic systems (Batley et al., 2013; Gondikas et al., 2014). TiO2 NPs are 
found in domestic sewage, wastewater, industrial effluents and surface runoff from the paints 
on building facades (Kaegi et al., 2008; Kiser et al., 2009; Brar et al., 2010; Weir et al., 
2012). Kiser et al. (2009) demonstrated that raw sewage contains 100–3000 μg/L of Ti and 
after the removal at WWTPs the resulting effluent contains only 5 – 15 μg/L of Ti. Shi et al. 
(2016) detected concentrations ranging between 52 and 86 μg/L of Ti in the Xiaohe River 
(China). Also, Gondikas et al. (2014) quantified TiO2 at the Old Danube Recreational Lake 
(Vienna) with concentrations between 1.7 – 27.1 µg/L of Ti.  
Fig. 1 Crystal structures of TiO2. A: rutile; B: brookite; and C: anatase (Moellmann et al., 2012). 
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Once in the aquatic environment TiO2 NPs may interact with the organisms and 
induce toxic effects (Iswarya et al., 2019). Previous studies demonstrated that these NPs 
caused severe toxicity towards aquatic organisms. Monteiro et al. (2019 a,b) demonstrated 
that the estuarine mussel M. galloprovincialis is affected by TiO2, with alterations of 
organism’s metabolic capacity, oxidative damage and defense mechanisms. Barmo et al. 
(2013) showed that TiO2 NPs affected mussels immune system and digestive gland function. 
Other studies showed the impacts of different forms of TiO2 NPs. Braydich-Stolle et al. 
(2009) observed that rutile NPs were capable of initiating apoptosis, while anatase NPs 
triggered cell necrosis in mouse keratinocytes. Also, Iswarya et al. (2015) demonstrated that 
rutile and anatase NPs caused damage in different parts of the green algae Chlorella sp. with 
rutile NPs causing damages in chloroplast and internal organelles and anatase NPs 
originating nucleus and cell membrane damages. Nevertheless, information on the impacts 
of these two forms of TiO2 NPs on aquatic species, and especially marine and estuarine 
organisms, is still limited. Therefore, it is of upmost relevance to understand the impacts of 
rutile and anatase NPs on aquatic environments, namely on their inhabiting organisms. 
 
1.1.2. Impact of climate changes: warming 
Since the beginning of the industrial revolution, atmospheric concentration of carbon 
dioxide (CO2) has been increasing, reaching for the first time levels above 400 ppm (IPCC, 
2014). This increased of atmospheric CO2 is related with the cumulative emissions of 
anthropogenic greenhouse gases that besides CO2, release methane (CH4) and nitrous oxide 
(N2O) (IPCC, 2014). Furthermore, unless CO2 emissions are reduced as a result of policy 
actions, it is expected that CO2 in the atmosphere may reach up to ~1000 ppm until the end 
of the century (Pörtner et al., 2014). The oceans act as CO2 sinks because nearly 30% of the 
atmospheric CO2 is absorbed by the oceans. The continuous CO2 uptake by the oceans result 
in seawater chemistry alterations, including the predicted decrease of seawater pH up to 0.42 
units by the year of 2100 (IPCC, 2014). However, besides changes in seawater properties, 
the increase of CO2 in combination with other “greenhouse” gases has triggered a continuous 
rise in mean ocean temperature (nowadays increased by 0.76 °C from pre-industrial levels), 
with predictions indicating that temperature may rise up to 4 °C in the sea surface by the end 
of the century (Collins et al., 2013; IPCC, 2014). Additionally, models studying global 
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climate patterns have predicted that the frequency and extent of extreme weather events, 
including drought periods, will increase at a global scale (Pörtner et al., 2014).  
The increase in temperature that exceeds the organism’s thermal tolerance range may 
cause deleterious effects in the organisms (IPCC, 2007; Hofmann and Todgham, 2010). 
Recent studies already demonstrated that seawater warming is expected to induce major 
shifts in species spatial distribution and abundance (Clarke, 2003; Hoffmann et al., 2003; 
Harley et al., 2006). Organisms exposed to warming conditions showed also physiological 
perturbations, such as growth and reproductive patterns (Pörtner et al., 2007; Pörtner and 
Knust, 2007; Santos et al., 2011; Boukadida et al., 2016), as well as biochemical alterations 
(Verlecar et al., 2007; Freitas et al., 2017; Nardi et al., 2017; Velez et al., 2017; Andrade et 
al., 2019). Warming is known to induce the production of reactive oxygen species (ROS) in 
cells and activate the mechanisms of defense, such as superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GPx), glutathione reductase (GRed) and glutathione S-
transferases (GSTs) (Verlecar et al., 2007). Warming may influence the respiratory and 
aerobic capacity as well as metabolic rate of aquatic organisms (Pörtner et al., 2005; Jansen 
et al., 2009; Pörtner, 2010; Velez et al., 2017). Besides the direct effects of temperature rise 
in aquatic organisms, increased temperature may also change organism’s responses when 
exposed to pollutants, through alterations in biochemical and physiological processes as well 
as pollutants bioavailability and toxicity (Banni et al., 2014; Izagirre et al., 2014; Manciocco 
et al., 2014; Nardi et al., 2017; Coppola et al., 2018). It is known that warming may increase 
the sensibility of organisms to pollutants, for example Coppola et al. (2017; 2018) shown 
that M. galloprovincialis increased the sensitive to mercury (Hg) and arsenic (As) 
respectively, when exposed to increased temperature. Sokolova (2004) demonstrated that 
warming increased the sensitivity of Crassostrea virginica to cadmium. Also, it was already 
reported that warming influences the accumulation of the pollutants, for example Mubiana 
and Blust (2007) showed a higher accumulation of cadmium and lead in M. edulis under 
warming conditions, and Coppola et al. (2018) demonstrated that M. galloprovincialis 
increased the accumulation of As when exposed to increased temperature. 
 
1.2. Mytilus galloprovincialis as bioindicator species 
A biological indicator is an organism (or a community of organisms) which 
represents the impact of environmental pollutants on a habitat, community or ecosystem 
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(Markert et al., 2003). Bioindicators must show wide geographical distribution, display a 
sessile lifestyle or a restricted territory, be easily collected and be well understood in 
biochemical, physiological and biological terms (Lower and Kendall, 1990). Mussels are 
globally used as bioindicators of pollution in coastal environments, since the monitoring 
programme known as ‘mussel watch’ (Kimbrough et al., 2008). In fact, mussels have wide 
distribution, dominate coastal and estuarine communities, accumulate and respond to many 
pollutants, do not show a prolonged handling stress, and many aspects of their biology and 
responses to intrinsic and extrinsic factors are well understood (Livingstone et al., 1989). 
M. galloprovincialis (Lamark, 1819) (Fig. 2), also known as Mediterranean mussel, 
is widely distributed from warm temperate to subpolar areas (Grant and Cherry, 1985), being 
present in intertidal zones to 40 m deep attached to rocks and piers, within sheltered 
harbours, estuaries and on rocky shores (FAO, 2019). This species is native to the 
Mediterranean coasts but has colonised several regions around the globe, such as South 
Africa, Hong Kong, Japan, Korea, Australia, Hawaii, Mexico, California, Washington and 
the west coast of Canada, and it is establishing as an invasive species (Branch and Steffani, 
2004). This species plays a significant ecologic and economic role in marine ecosystems, 
being commonly used as bioindicator (Wang et al., 1996; Viarengo et al., 2007; Banni et al., 
2014). A variety of studies in laboratory conditions worked with this species exposed to a 
combination of pollutants and higher temperature, such as studies conducted by Coppola et 
al. (2018), Andrade et al. (2019), Banni et al. (2014) and Freitas et al. (2019). This species 
is also used in biomonitoring programs to evaluate the distributions and biological effects of 














Several studies already revealed the impacts of TiO2 NPs in M. galloprovincialis 
(Canesi et al., 2010; Canesi et al., 2012; Ciacci et al., 2012; Barmo et al., 2013; D’Agata et 
al., 2014; Mezni et al., 2018), but to my knowledge no information is available on the toxic 
effects of rutile and anatase forms on this mussel species. Furthermore, in most of the aquatic 
environments, especially coastal systems, both pollution and climate change related factors 
act in combination, and so it is important to understand how temperature may change the 
effects induced by TiO2 NPs as well as the sensitivity of M. galloprovincialis to this 
pollutant. Therefore, the present study evaluated: i) the impacts induced by different 
concentrations of rutile and anatase NPs in M. galloprovincialis, by measuring 
histopathological and metabolic alterations as well as oxidative and neurotoxic status; ii) the 
impacts of different concentrations of rutile NPs induced in M. galloprovincialis, under 
actual and predicted warming conditions, to understand the effects of predicted temperature 







































2. MATERIALS AND METHODS 
2.1. Rutile and Anatase characterization 
In the present study two TiO2 NPs of different morphology were tested: the rutile 
form acquired from Alfa Aesar, and the anatase form, acquired from Merck. The structural 
and microstructural characterization were performed by X-ray diffraction (XRD), and 
scanning electron microscopy (SEM) techniques, respectively (Table 2). The textural 
properties of the samples were achived by -196 °C N2 adsorption-desorption isotherms. XRD 
data were collected with a Phillips X’Pert MPD diffractometer using Cu-Kα radiation. SEM 
images were acquired on a SEM-FEG Hitachi S4100 microscope operated at 15 kV. 
Nitrogen adsorption-desorption isotherms were recorded at -196 °C using a Gemini V 2.00 
instrument model 2380. The samples were dehydrated overnight at 120 °C to an ultimate 
pressure of 1024 mbar and then cooled to room temperature prior to adsorption. 
For particles characterization in the exposure medium, water samples (5 mL each) 
were collected from each aquarium immediately after medium contamination. The 
measurements of the particles was made by Dynamic Light Scattering (DLS) analysis. 
 
2.2. Sampling area 
M. galloprovincialis specimens were collected in September 2018 during low tide in 
the Ria de Aveiro (Fig. 3). Ria de Aveiro is a coastal lagoon located on the northwest coast 
of Portugal, with 10 km wide and 45 km long (Dias et al., 1999; Dias et al., 2000) and it is 
constituted by four main channels: S. Jacinto , Mira, Espinheiro and Ílhavo (Dias et al., 1999; 
Lopes et al., 2013). The average depth is about 1 m, except in navigation channels (15 m 
depth) (Dias et al., 1999; Lopes et al., 2013). This lagoon is separated from the Atlantic 
ocean through an artificial channel, and supplied with freshwater by Antua and Vouga rivers 
(Dias et al., 1999; Dias et al., 2000). Ria de Aveiro is considered one of the most important 
coastal system of Portugal, presenting several biotopes with biological importance, such as 
salt marshes (Sousa et al., 2017). Regarding the benthic community, the most abundant taxa 




2.3. Experimental conditions 
After sampling, mussels were transported to the laboratory, where they were 
maintained for two weeks in different aquaria for depuration and acclimation to laboratory 
conditions. During this period organisms were maintained in synthetic seawater (salinity 30 
± 1, temperature 18.0 ± 1.0 °C; pH 8.0 ± 0.1), prepared with reverse osmosis water with 
commercial salt (Tropic Marin® SEA SALT). Seawater was renewed every day for the first 
three days and every three days until the end of this period and mussels were fed with 
Algamac protein plus (150,000 cells/animal) three times per week.  
Fig. 3 Sampling area (Google Maps, 2019). 
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During the experimental exposure (twenty-eight days), mussels were distributed into 
two climatic rooms to maintain organisms at two different temperatures: 18±1 (control) and 
22±1 °C (control + 4 °C, resembling predicted warming conditions). Within each 
temperature mussels were divided into different aquaria, with the following gradient of rutile 
and anatase NPs concentration at 18 °C: CTL (control) 0 µg/L; C1) 5 µg/L; C2) 50 µg/L; 
and C3) 100 µg/L and the same gradient for rutile NPs at 22 °C. Per condition three replicates 
(3 aquaria of 3 L) were used with five mussels per aquaria. Fig. 4 demonstrates the 










The tested Ti concentrations were selected according to the values reported in 
previous works for pristine and contaminated aquatic systems (Kennedy et al., 1974; Yan et 
al., 1991; Yokoi et al., 1991; Skrabal, 2006; Kiser et al., 2009; Menard et al., 2011; Gondikas 
et al., 2014; Shi et al., 2016). For the exposure assay, TiO2 NPs in a powder form were 
dispersed in ultrapure water using a bath sonicator to obtain stock solution of 60 and 600 
mg/L of Ti. From these dispersions, appropriate contamination ones were prepared so that 
the intended contaminated levels in aquaria were achieved.  
The control temperature (18 °C) was selected considering the average temperature 
measured at the bivalves sampling site. Salinity and pH conditions were the same as those 
used during acclimation and containers were continuously aerated, with a 12 light: 12 dark 
A 
B 
Fig. 4 Experimental setup of this study. A: Control room 18±1 °C; B: Warming room 22±1 °C. 
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photoperiod. Temperature (18±1 or 22±1 °C), pH (8.0± 0.1) and salinity (30 ± 1) were daily 
checked and adjusted if necessary. Mortality was also daily checked. During the entire 
experimental period organisms were fed with Algamac protein plus (150,000 cells/animal) 
three times a week. Seawater was renewed once a week after which Ti concentration was re-
established. Immediately after the rutile and anatase NPs spiking into the water, samples of 
water were collected from each aquarium for further quantification and characterization of 
Ti, aiming to compare real and nominal concentration.  
At the end of the exposure period, with the exception of one mussel per aquarium 
(three per condition) used for histopathological analyses, the remaining organisms were 
frozen with liquid nitrogen and stored at -80 °C. Three frozen mussels per aquarium (nine 
per condition) were homogenized with a mortar and a pestle under liquid nitrogen (Fig. 5). 
Each homogenized organism was divided into 0.5 g fresh weight (FW) aliquots for 
biomarkers analyses and the remaining tissue was used for Ti quantification. 
 
2.4. Titanium quantification in water and mussel’s samples 
For the determination of Ti concentration in water, the samples were stirred and then 
sonicated for 10 min to ensure proper dispersion of the potentially present TiO2 NPs. For the 
digestion 10 mL of reagent mixture (4 mL of sample, 0.5 mL HNO3, 0.1 mL HF and 5.4 mL 
of H2O) were added to Teflon vessels (Fig. 6A). Samples were digested in a CEM MARS 5 
(Fig. 6B) by increasing temperature to 180 °C in 10 min, which was then maintained for 10 
min. After cooling down, the resultant 10 mL of digest was promptly analyzed by inductively 
coupled plasma optical emission spectrometry (ICP-OES) (Fig. 7A). Quality control was 
Fig. 5 Homogenization of mussel’s frozen tissue with liquid nitrogen. 
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kept by blank analysis (0.5 mL HNO3, 0.1 mL HF and 9.4 mL of H2O), which was below 
quantification limit (2 µg/L).  
For the determination of Ti in M. galloprovincialis soft tissues, freeze-dried samples 
of mussel’s (0.2 g) were homogenized and weighted into a Teflon vessel (Fig. 6A) to which 
1 mL HNO3 65% (v/v), 1 mL HF (40%) and 2 mL H2O2 (30%) were added. Samples were 
digested in a CEM MARS 5 (Fig. 6B) using the same procedure as described for water 
samples. After cooling, samples were transferred into 25 mL polyethylene vessels, the 
remaining volume made up with ultrapure water and analyzed by ICP-OES (Fig. 7A). The 
quality control was assured by running procedural blanks (reaction vessels with only reagent 
mixture), certified reference material BCR-060 (Aquatic Plant, Lagarosiphon major) and 
duplicates. Blanks were always below the quantification limits for Ti (2 µg/L and 0.25 
mg/kg). The coefficient of variation of samples duplicates varied from 1 to 22% and mean 










2.4.1. Inductively coupled plasma optical emission spectrometry 
Total Ti concentrations in water samples and M. galloprovincialis soft tissues were 
determined by ICP-OES (Jobin Yvon Activa M.) (Fig. 7A), after microwave-assisted acid 
digestion. In this equipment the samples are normally analyzed in liquid form. The liquid 
sample is aspirated into the nebulizer chamber, where the liquid is converted into an aerosol. 
Then the aerosol is transported to the plasma where it is vaporized, desolvated and atomized, 
as well as excited and/or ionized by the plasma. The excited atoms and ions when return of 
an electron from a higher (excited) state of energy to a state of fundamental energy emit their 
characteristic radiation at different wavelengths. This radiation is detected and turned into 




electronic signals that are converted into concentration of the different elements in the 

















2.5. Histopathological measurements  
Histopathological changes were identified in gills and digestive glands of mussels, 
from each condition. The assessment of histopathological alterations is an important method 
to evaluate the impacts of pollutants in bivalves (Calabrese et al., 1984; Bignell et al., 2011; 
Cuevas et al., 2015). Gills are one of the major target organs for contaminants because they 
are in direct contact with the surrounding environment, playing an important role in 
respiration (Evans, 1987; Au, 2004; Rajalakshmi and Mohandas, 2005). The digestive gland 
of bivalves is the main organ for xenobiotic biotransformation, a mechanism of immune 
defense and homeostatic regulation (Moore and Allen, 2002; Livingstone et al., 2006), being 
also extensively used for toxicity assessment (Bignell et al., 2008; Marigómez et al., 2013).  
After the exposure period, one mussel per aquarium was fixed in Bouin's solution 
(5% of acetic acid, 9% of formaldehyde, 0.9% of picric acid) for 24 h at 4 °C. Subsequently, 
samples were kept in 70-75% ethanol for one month, replacing the ethanol daily until the 
total removal of the fixative (Fig. 8A). After this, a transverse histological sample of 
approximately 1 cm thickness of the anterior part of each organism was excised and samples 
were dehydrated in ethanol (75% for 15 min, 85% for 15 min, 95% for 15 min twice and 
100% for 15 min twice) and placed in xylene for 30 min twice. Afterwards, samples were 
immersed in paraffin (58 °C) in a vacuum stove overnight (Fig. 8B). After this step, paraffin 
Fig. 7 A: ICP-OES used for the quantification of Ti in water and mussel’s samples; B: Representation of the 




was removed and samples were once again embedded in new paraffin for 45 min. This 
procedure was repeated twice. At last, samples were placed in paper molds filled with 
paraffin over night to solidify (Fig. 8C) (D’Aniello et al., 2016, Polese et al., 2016; Zupo et 
al., 2019).  
 
 
Histological sections of 7 μm were cut with a microtome (Fig. 9A) and placed on 
slides covered with glycerin/albumin. For histological staining, the samples were placed in 
xylene for 30 min twice, rehydrated through a descending series of alcohol (100% twice, 
95% twice, 85%, 75% each one during 5 min) and distilled water for 5 min to remove the 
paraffin. Then, half of the sections were stained with hematoxylin for 5 min (to assess tissue 
health), followed by washing in tap water (5 min) and distilled water (rapid passage). After 
this, samples were dehydrated by ascending series of alcohol and xylene and subsequently 
held with permount for their preservation (Fig. 9B) (Polese et al., 2016; Zupo et al., 2019). 
The other half of sections were stained with toluidine blue (0.2% of toluidine blue in sodium 
acetate buffer) for 30 min (to assess the abundance of hemocytes), followed by a rapid 
passage in sodium acetate buffer (pH 4.2), 5 min in molybdate (5%), various passages in 
water and a rapid passage in 100% ethanol, 10 min in xylene twice and held with permount 
(Gabe, 1968). 
Fig. 8 A: Mussels in ethanol 70%; B: Vacuum stove with the samples embedded in paraffin; C: 
Paper molds with samples and paraffin. 













The individual histopathological condition index (Ih) was estimated for gills (Ih G) 
and digestive glands (Ih DG), based on Bernet et al. (1999) and modifications performed by 
Costa et al. (2013). The Ih was calculated following the concepts of the differential biological 
significance of each surveyed alteration (weight) and its degree of dissemination (score) and 











where Ih is the histophatological index for the individual h; wj the weight of the jth 
histopathological alteration; ajh the score attributed to the hth individual for the jth alteration 
and Mj is the maximum attributable value for the jth alteration. The condition weights 
proposed were based on Costa et al. (2013) and ranges between 1 (minimum severity) and 
3 (maximum severity) while the score ranges between 0 (none) and 6 (diffuse). Weight for 








Fig. 9 A: Microtome with one sample; B: Slides of samples stained with 
hematoxylin and held with permount. 
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Table 1 Weight for the histopathological alteration (Costa et al., 2013). 
 
  
2.6. Biochemical parameters  
With the purpose to evaluate the biochemical alterations induced in mussels after 
exposure to rutile and anatase NPs and the combinations of rutile NPs and warming, 
biomarkers related to metabolic capacity (electron transport system (ETS) activity), energy 
reserves (content of glycogen (GLY) and total protein (PROT)), oxidative stress (activity of 
antioxidant and biotransformation enzymes (superoxide dismutase (SOD); catalase (CAT); 
glutathione peroxidase (GPx); glutathione reductase (GRed); glutathione S-transferases 
(GSTs)); levels of lipid peroxidation (LPO) and protein carbonylation (PC)); and 
neurotoxicity (acetylcholinesterase (AChE) activity) were assessed.  
The ETS activity has been used to obtain an indication of organisms’ metabolic status 
(De Coen and Janssen, 1997). When organisms are exposed to stressful conditions, they may 
increase metabolism, in this case ETS, in mitochondria, for the maintenance of homeostasis, 
survival and reproduction (Gagné et al., 2006),                                                                                                          
or may decrease or maintain the ETS activity by activating behavioral adaptations as valves 
closure (Gosling, 2003). Usually along with the decrease of ETS activity organisms are able 
to preserve their energy reserves (GLY and PROT) as a defense mechanism. Organisms may 
also decrease the content in GLY and PROT resulting from the expenditure of their energy 
reserves to fuel up defense mechanisms. 
Under stressful conditions organisms, including mussels, normally increase the 
production of reactive oxygen species (ROS) and in order to avoid cellular damages they 
activate their antioxidant defenses, including the activity of the antioxidant enzymes (SOD, 
CAT, GPx and GRed) (Regoli and Giuliani, 2014). Along with the activation of antioxidant 
Tissue Histopathological alteration Weight (w) 
Gills 
Lipofuscin aggregates 1 
Loss of cilia 2 
Enlarged central vessel 1 
Heamocyte infiltration 1 
Digestive tubules 
Lipofuscin aggregates 1 





defenses, organisms exposed to stress conditions also activate biotransformation enzymes, 
namely glutathione S-transferases (GSTs) (Townsend and Tew, 2003; Sturve et al., 2008). 
Lipid peroxidation (LPO) has been generally used as a biomarker for cell damage 
(Moreira et al., 2016) because when the defense mechanisms are insufficient to protect the 
cells, the lipids of cell membranes are attacked by ROS, promoting an autocatalytic oxidation 
process (Almeida et al., 2007). Also, if defense mechanisms fail, the excess of ROS may 
promote a protein oxidation known as protein carbonylation (PC) (Suzuki et al., 2010). 
The activity of AChE is used as a biomarker of exposure to neurotoxic compounds 
in aquatic organisms. This enzyme is important to the functioning of the neuro–muscular 
system and it is responsible for the degradation of the neural transmitter acetylcholine to 
choline in cholinergic synapses and neuromuscular junctions (Matozzo et al., 2005). 
To guarantee the validity of the results, the determination of the biochemical 
parameters was done in duplicate. For each biomarker, the extraction was performed with 
specific buffers using a proportion of 1:2 (w/v) with the homogenized tissue. For GLY, 
PROT, SOD, CAT, GPx, GRed, GSTs, PC and AChE the supernatants were extracted in 
potassium phosphate buffer (50 mmol/L potassium dihydrogen phosphate; 50 mmol/L 
potassium phosphate dibasic; 1 mmol/L ethylenediamine tetraacetic acid disodium salt 
dihydrate (EDTA); 1% (v/v) Triton X-100; 1% (w/v) polyvinylpyrrolidone (PVP); 1 mmol/L 
dithiothreitol (DTT); pH 7.0). For ETS supernatants were extracted in 0.1 mol/L Tris- HCl 
buffer (pH 8.5, 15% (w/v) PVP, 153 μmol/L magnesium sulfate (MgSO) and 0.2% (v/v) 
Triton X-100). For LPO quantification supernatants were extracted in 20% (w/v) 
trichloroacetic acid (TCA). All samples were sonicated using a TissueLyser II (Qiagen) for 
90 s, after which they were centrifuged for 20 min at 10,000 g (3,000 g for ETS) and 4 °C. 
Supernatants were stored at -80 °C or immediately used. All measurements were done using 
a microplate reader (Biotek). 
 
2.6.1. Metabolic capacity and energy reserves 
The activity of ETS was measured using the method of King and Packard (1975) and 
the modifications implemented by De Coen and Janssen (1997). Absorbance was measured 
at 490 nm during 10 min with intervals of 25 s. The amount of formazan formed was 
calculated using the extinction coefficient (Ɛ) 15,900 (mmol/L)−1 cm−1. The results were 
expressed in nmol per min per g FW. 
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The GLY content was determined following the sulfuric acid method (Dubois et al. 
1956). Glucose standards (0-10 mg/mL) were used to obtain a calibration curve. Absorbance 
was measured at 492 nm, after incubation during 30 min at room temperature, and the results 
were expressed in mg per g FW.  
The PROT content was quantified according to the spectrophotometric Biuret 
method descibed by Robinson and Hogden (1940). Bovine serum albumin (BSA) was used 
as standards in the range 0–40 mg/mL to obtain a calibration curve. Absorbance was 
measured at 540 nm and results were expressed in mg per g FW.  
 
2.6.2. Antioxidant and biotransformation defenses 
The activity of SOD was determined based on the method described by Beauchamp 
and Fridovich (1971) with modifications implemented by Carregosa et al. (2014). SOD 
standards (0.25 - 60 U/mL) were used in order to obtain a calibration curve. Absorbance was 
read at 560 nm after 20 min of incubation at room temperature. Results were expressed in U 
per g FW, where one unit (U) represents the amount of the enzyme that catalyzes the 
conversion of 1 μmol of substrate per min.  
The activity of CAT was quantified according to the Johansson and Borg (1988) 
method. Formaldehyde standards (0 - 150 μmol/L) were used in order to obtain a calibration 
curve. Absorbance was measured at 540 nm and the activity was expressed in U per g FW, 
where U represents the amount of enzyme that caused the formation of 1.0 nmol 
formaldehyde per min. 
The activity of GPx was determined using the method of Paglia and Valentine (1967). 
Absorbance was measured at 340 nm during 5 min in 10 s intervals. The enzymatic activity 
was determined using the extinction coefficient (Ɛ) 6.22 (mmol/L)-1cm−1. The results were 
expressed as U per g FW, where U represents the quantity of enzymes that caused the 
formation of 1.0 μmol NADPH oxidized per min.   
The activity of GRed was quantified following the method described by Carlberg and 
Mannervik (1985). Absorbance was measured at 340 nm and the activity was determined 
using the extinction coefficient (Ɛ) 6.22 (mmol/L)−1 cm−1. The activity was expressed in U 
per g FW, where U represent the enzymes amount that caused the formation of 1.0 μmol 
NADPH oxidized per min.  
24 
 
The activity of GSTs was measured following Habig et al. (1974) with adaptations 
performed by Carregosa et al. (2014). Absorbance was measured spectrophotometrically at 
340 nm during 5 min in 10 s intervals. The amount of thioether formed was calculated using 
the extinction coefficient (Ɛ) 9.6 (mmol/L)-1 cm-1. The enzymatic activity was expressed in 
U per g FW, where U is defined as the quantity of enzyme that causes the formation of 1 
μmol of dinitrophenyl thioether per min.   
 
2.6.3. Cellular damage 
Levels of LPO were assessed trough the measurement of malondialdehyde (MDA) 
content, following the method described by Ohkawa et al. (1979). Absorbance was measured 
at 535 nm and the amount of MDA formed was calculated using the extinction coefficient 
(Ɛ) 156 (mmol/L)-1 cm-1. The results were expressed in nmol per g FW. 
Levels of PC were determined based on the reaction between 2,4-
dinitrophenylhydrazine (DNPH) with carbonyl groups, known as DNPH alkaline method 
described by Mesquita et al. (2014). Absorbance was measured at 450 nm and PC levels 
were determined using the extinction coefficient (Ɛ) 0.022 (mmol/L)-1 cm−1. The results were 
expressed in nmol of protein carbonyls groups formed per g FW. 
 
2.6.4. Neurotoxicity 
The activity of AChE was measured using acetylthiocholine iodide (ATChI, 5 
mmol/L) substrates, following the method of Ellman et al. (1961) with alterations performed 
by Mennillo et al. (2017). Enzyme activity was recorded at 412 nm during 5 min and 
expressed in nmol per min per g FW using the extinction coefficient (Ɛ) 13.6x103 (mol/L)-
1cm-1. 
 
2.7. Statistical analyses 
The results were divided in two experimental datasets. In the first dataset rutile and 
anatase exposure conditions at control temperature were examined, and in the second one 
rutile at 18 °C and 22 °C were considered.  
For the first experiment, results on Ti concentrations, histopathological indexes (Ih G 
and Ih DG) and biochemical markers (ETS, PROT, GLY, SOD, CAT, GPx, GRed, GSTs, 
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LPO, PC and AChE) obtained for mussels exposed to rutile and anatase NPs were submitted 
to a statistical hypothesis testing, using permutational analysis of variance, employing the 
PERMANOVA+add-on in PRIMER v6 (Anderson et al., 2008). The pseudo-F p-values in 
the PERMANOVA main tests were evaluated in terms of significance. When significant 
differences were observed in the main test, pairwise comparisons were performed. Values 
lower than 0.05 (p < 0.05) were considered as significantly different. The null hypotheses 
tested were: i) for each TiO2 NPs (rutile or anatase), biological response (histopathological 
and biochemical markers) and Ti concentration in mussels tissues, no significant differences 
existed among exposure concentrations (0, 5, 50 and 100 µg/L), with significant differences 
represented in figures with different lowercase letters for rutile NPs and uppercase letter for 
anatase NPs; ii) for each biological response (histopathological and biochemical marker) and 
Ti concentration in mussels tissues, no significant differences existed between TiO2 NPs 
(rutile and anatase), with significant differences represented in figures with an asterisk.  
For the second experiment, results on Ti concentrations, histopathological indexes 
(Ih G and Ih DG), and biochemical markers (ETS, PROT, GLY, SOD, CAT, GPx, GSTs, LPO 
and AChE) obtained for mussels exposed to rutile at 18 °C and at 22 °C were submitted to a 
statistical hypothesis testing using permutational analysis of variance, employing the 
PERMANOVA+add-on in PRIMER v6 (Anderson et al., 2008). The pseudo-F p-values in 
the PERMANOVA main tests were evaluated in terms of significance. When significant 
differences were observed in the main test, pairwise comparisons were performed. Values 
lower than 0.05 (p < 0.05) were considered as significantly different. The null hypotheses 
tested were: i) for each temperature (18 and 22 °C), biological response (histopathological 
and biochemical markers) and Ti concentration in mussels tissues, no significant differences 
existed among exposure concentrations (0, 5, 50 and 100 µg/L), with significant differences 
represented in figures with different lowercase letters for 18 °C and uppercase letters for 22 
°C; ii) for each biological response (histopathological and biochemical marker) and Ti 
concentration in mussels tissues, no significant differences existed between temperatures (18 
and 22 °C), with significant differences represented in figures with an asterisk.  
For both experimental datasets, the matrix gathering the biological responses 
(histopathological and biochemical markers) and Ti concentrations in mussels tissues was 
used to calculate the Euclidean distance similarity matrix. This similarity matrix was 
simplified through the calculation of the distance among centroids matrix based on the 
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exposure condition, which was then submitted to ordination analysis, performed by Principal 
Coordinates (PCO). Pearson correlation vectors of biological responses and Ti concentration 
in mussels tissues (correlation >0.75) were provided as supplementary variables being 























3.1. Rutile and Anatase nanoparticles 
3.1.1. Rutile and Anatase characterization 
The physical and textural properties of both anatase and rutile samples were studied 
by X-ray diffraction (XRD), scanning electron microscopy (SEM) and -196 °C N2 
adsorption-desorption isotherms. The characterization obtained by SEM showed that both 
TiO2 NPs presented 8 and 3 m
2/g for anatase and rutile, respectively of specific surface area 
(SBET). From the XRD analyses it was verified that both samples were monophasic, 
presenting pure anatase (I41/amd) and rutile (P42/mnm) tetragonal phases. The anatase lattice 
parameters were a=b=3.7924 and c=9.5304 Å. The rutile lattice constants were a=b=4.5922 
and c=2.9578 Å. The densities of the anatase and rutile particles were calculated from the 
lattice parameters as 3.38 and 4.27 g/cm3, respectively. The SEM micrographs (not shown) 
demonstrated that the rutile particles were more agglomerated than the anatase ones. The 
diameters of particles measured on SEM micrographs (calculated based in diameter of 45 
particles) were for rutile 694 nm and for anatase 94 nm (Table 2). 
 






































Calculated using the lattice parameters; 
b) 
calculated through the equation:  considering the 
spherical shape of the particles where S
BET corresponds to specific surface area and ρ is the density; 
c) 
crystallite size obtained through the Scherrer equation: where ksf corresponds at 
dimension less shape factor, 
Cu is the wavelength of the X-ray (Cu K radiation,  = 1.5406 Å), FWHM is 
full width of peak at half maximum in radians and  is the Bragg angle; 
d) 







Concerning the particles characterization for both forms of TiO2 NPs in the exposure 
synthetic seawater, it was not possible to detect the particles on the collected water samples.  
 
3.1.2. Titanium concentration in water and mussel’s tissues 
In all the collected water samples Ti concentration was below the detection limit (2 
µg/L).  
Ti concentration in M. galloprovincialis exposed to rutile NPs increased along the 
exposure gradient, with significant differences only at the highest exposure concentration in 
comparison to the remaining conditions (Table 3). Similarly, Ti concentration in mussels 
exposed to anatase NPs significantly increased along the exposure gradient, with 
significantly higher values in organisms exposed to 100 µg/L in comparison to the remaining 
conditions. Comparing Ti concentration in mussels exposed to rutile and anatase NPs, no 
significant differences was observed at each exposure concentration.  
 
 Table 3 Concentrations of Ti (µg/g) in mussel’s soft tissues after 28 days of exposure to each condition of 
rutile and anatase NPs (CTL, 5, 50 and 100 µg/L of Ti). Results are mean ± standard deviation. Significant 
differences (p < 0.05) among conditions are represented with different letters (lowercase letters for rutile 
NPs; uppercase letters for anatase NPs). Significant differences (p < 0.05) between the two forms of TiO2 
NPs at each exposure concentration are represented with an asterisk. 
 
3.1.3. Histopathological parameters 
The exposure to both forms of TiO2 NPs at different concentrations lead to an 
increase of damage severity in gills in a dose dependent manner. In particular, along the 
increasing exposure gradient, gills of M. galloprovincialis exposed to rutile NPs showed a 
progressive increase of lipofuscin aggregates, enlargement of the central vessel and 
hemocytes infiltration (Fig. 10). Similarly, gills of mussels exposed to anatase NPs showed 
 Exposure conditions [Ti] (µg/g) 
 CTL 2.1±0.3 a, A 
Rutile 
5 µg/L 2.4±1.0 a 
50 µg/L 2.5±0.4 a 
100 µg/L 4.5±0.3 b 
Anatase 
5 µg/L 2.3±0.8 A,B 
50 µg/L 2.8±0.2 B 
100 µg/L 5.3±0.7 C 
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a progressive increase of lipofuscin aggregates, enlargement of the central vessel, loss of 
cilia and hemocytes infiltration with the increasing exposure concentration (Fig. 10).  
 
Mussel’s digestive glands (Fig. 11) showed that exposure to rutile NPs lead to an 
increase of accumulation of lipofuscin, atrophy and hemocytes infiltration. In mussels 
exposed to anatase NPs (Fig. 11) an increase of atrophy and hemocytes infiltration was 
observed and lipofuscin aggregates were higher at 5 and 50 µg/L of Ti. No necrosis was 







Fig. 10 Micrographs of histopathological alterations observed in the gills of Mytilus galloprovincialis 
exposed to different Ti concentrations of rutile and anatase NPs stained with hematoxylin: lipofuscin 
aggregates (*); enlargement of the central vessel; hemocytes infiltration (circles) and loss of cilia 




Regarding the Ih of mussel’s gills (Fig. 12A) the values significantly increased along 
the exposure gradient under both forms of TiO2 NPs, with the highest values at the highest 
tested concentrations. No significant differences were observed between rutile and anatase 
NPs for each of the tested concentrations. The Ih regarding digestive gland of mussels 
exposed to rutile NPs (Fig. 12B) significantly increased along the exposure gradient, with 
the highest values at the highest exposure concentration. The Ih regarding the digestive gland 
of mussels exposed to anatase NPs (Fig. 12B) was significantly higher in contaminated 
mussels in comparison to non-contaminated ones. No significant differences were observed 
between rutile and anatase NPS for each of the tested concentrations. 
Fig. 11 Micrographs of histopathological alterations observed in the digestive tubules of Mytilus 
galloprovincialis exposed to different Ti concentrations of rutile and anatase NPs stained with hematoxylin: 




3.1.4. Biochemical parameters 
3.1.4.1. Metabolic capacity and energy reserves 
In terms of ETS values, M. galloprovincialis exposed to rutile NPs showed no 
significant differences in comparison to non-contaminated mussels. In organisms exposed 
to anatase NPs significantly higher ETS values were observed at 50 µg/L of Ti in comparison 
Fig. 12 A: Histopathological index in gills (Ih G); B: Histopathological index in digestive tubules (Ih DG), in 
Mytilus galloprovincialis exposed to different Ti concentrations of rutile and anatase NPs. Results are 
mean + standard deviation. Significant differences (p < 0.05) among conditions are represented with 
different letters (lowercase letters for rutile NPs; uppercase letters for anatase NPs). Significant 
differences (p < 0.05) between the two forms of TiO2 NPs at each exposure concentration are represented 
with an asterisk. 
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to mussels under control. No significant differences were observed between rutile and 
anatase NPs for each of the tested concentrations (Fig. 13A). 
In mussels exposed to both tested forms of TiO2 NPs the GLY content was 
significantly higher in contaminated mussels in comparison to non-contaminated ones. No 
significant differences were observed between rutile and anatase NPs for each of the tested 
concentrations (Fig. 13B). 
The PROT content in mussels exposed to rutile NPs was lower in contaminated 
mussels in comparison to non-contaminated ones, with significant differences only between 
organisms under control and exposed to 5 µg/L of Ti. In mussels exposed to anatase NPs 
significantly lower PROT content was showed in organisms exposed to 5 and 100 µg/L of 
Ti in comparison to organisms at control and exposed to 50 µg/L of Ti. No significant 
differences were observed between rutile and anatase NPs for each of the tested 





Fig. 13 A: Electron transport system activity (ETS), B: Glycogen content (GLY) and C: Protein content 
(PROT), in Mytilus galloprovincialis exposed to different Ti concentrations of rutile and anatase NPs. 
Results are mean + standard deviation. Significant differences (p < 0.05) among conditions are represented 
with different letters (lowercase letters for rutile NPs; uppercase letters for anatase NPs). Significant 
differences (p <0.05) between the two forms of TiO2 NPs at each exposure concentration are represented 




3.1.4.2. Antioxidant and biotransformation defenses 
In mussels exposed to rutile NPs SOD activity increased at the lowest exposure 
concentration (5 µg/L of Ti) while significantly decreased at 50 and 100 µg/L of Ti. The 
activity of SOD in mussels exposed to anatase NPs significantly increased in mussels 
exposed to 50 µg/L of Ti. Comparing both forms of TiO2 NPs, SOD activity was significantly 
higher in organisms exposed to rutile NPs at 5 µg/L of Ti while an opposite pattern was 
observed at 50 µg/L of Ti (Fig. 14A).  
The activity of CAT showed no significant differences among mussels exposed to 
rutile NPs and non-contaminated mussels. In mussels exposed to anatase NPs significantly 
higher CAT activity was observed at 50 µg/L of Ti. Differences between rutile and anatase 
NPs were only observed in organisms exposed to 50 µg/L of Ti, with the highest activity in 
mussels exposed to anatase (Fig. 14B). 
Mussels exposed to rutile NPs showed significantly higher GPx activity in 
comparison to non-contaminated mussels. Significantly higher GPx activity was observed 
in mussels exposed to anatase NPs at higher exposure concentrations (50 and 100 µg/L of 
Ti). Comparing both forms of TiO2 NPs, significant differences were observed in organisms 
exposed to 5 µg/L of Ti, with the highest activity in mussels exposed to rutile (Fig. 14C).  
The activity of GRed in mussels exposed to rutile NPs was significantly higher at the 
lowest exposure concentration (5 µg/L of Ti) in comparison to mussels at control and 
organisms exposed to 50 µg/L of Ti. The activity of GRed in mussels exposed to anatase 
NPs was significantly higher at 5 µg/L of Ti in comparison to the remaining conditions. 
When comparing rutile and anatase NPs, significant differences were observed in organisms 




Fig. 14 A: Superoxide dismutase activity (SOD); B: Catalase activity (CAT); C: Glutathione peroxidase 
activity (GPx); and D: Glutathione reductase activity (GRed), in Mytilus galloprovincialis exposed to 
different Ti concentrations of rutile and anatase NPs. Results are mean + standard deviation. Significant 
differences (p <0.05) among conditions are represented with different letters (lowercase letters for rutile 
NPs; uppercase letters for anatase NPs). Significant differences (p < 0.05) between the two forms of TiO2 
NPs at each exposure concentration are represented with an asterisk. 
38 
 
The activity of GSTs in mussels exposed to rutile NPs was significantly higher at the 
highest exposure concentration (100 µg/L of Ti) while in mussels exposed to anatase NPs 
GSTs activity significantly decreased at higher exposure concentrations (50 and 100 µg/L 
of Ti) in comparison to mussels exposed to control and 5 µg/L of Ti. Comparing both tested 
forms of TiO2 NPs, significant differences were observed in organisms exposed to 50 and 
100 µg/L of Ti, with the highest activity in mussels exposed rutile (Fig. 15). 
 
3.1.4.3. Cellular damage indicators  
Mussels exposed to rutile NPs significantly decrease their LPO levels at the lowest 
exposure concentration in comparison to mussels under control and exposed to 50 µg/L of 
Ti. LPO levels were significantly higher in mussels exposed to anatase NPs in comparison 
to non-contaminated mussels. Significant differences between rutile and anatase NPs were 
observed in contaminated mussels, with the highest values in mussels exposed to anatase 
(Fig. 16A). 
Fig. 15 Glutathione S-transferases activity (GSTs), in Mytilus galloprovincialis exposed to different Ti 
concentrations of rutile and anatase NPs. Results are mean + standard deviation. Significant differences (p 
< 0.05) among conditions are represented with different letters (lowercase letters for rutile NPs; uppercase 
letters for anatase NPs). Significant differences (p < 0.05) between the two forms of TiO2 NPs at each 
exposure concentration are represented with an asterisk. 
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PC levels in mussels exposed to rutile NPs were significantly lower at the lowest 
exposure concentration and significantly higher at the intermediate exposure concentration 
in comparison to control and the highest concentration. PC levels in organisms exposed to 
anatase NPs were significantly lower only at the highest exposure concentration in 
comparison to the remaining conditions. Comparing both forms of TiO2 NPs, the levels of 
PC were significantly higher in organisms exposed to anatase at 5 µg/L of Ti while an 
opposite pattern was observed at 50 and 100 µg/L of Ti (Fig. 16B). 
Fig. 16 A: Lipid peroxidation levels (LPO); B: Protein carbonylation levels (PC), in Mytilus 
galloprovincialis exposed to different Ti concentrations of rutile and anatase NPs. Results are mean + 
standard deviation. Significant differences (p < 0.05) among conditions are represented with different letters 
(lowercase letters for rutile NPs; uppercase letters for anatase NPs). Significant differences (p < 0.05) 




3.1.4.4. Neurotoxicity  
In mussels exposed to rutile NPs the activity of AChE significantly increased at 50 
and 100 µg/L of Ti. Mussels exposed to anatase NPs showed significantly higher AChE 
activity in comparison to non-contaminated mussels. Comparing both forms of TiO2 NPs, 
AChE values were significantly higher in mussels exposed to anatase at 5 µg/L of Ti (Fig. 
17). 
 
3.1.5. Multivariate analysis 
Results from the PCO analysis are presented in Fig. 18. The first principal component 
axis (PCO1), which represents 32.3% of the variability, clearly separated organisms exposed 
to control and the lowest Ti concentration for both rutile and anatase (positive side) from 
organisms exposed to higher concentrations of both forms (negative side). PCO2 axis 
explained 24.7% of the variability, separating organisms exposed higher rutile 
concentrations (negative side) from organisms exposed to remaining conditions (positive 
Fig. 17 Acetylcholinesterase activity (AChE), in Mytilus galloprovincialis exposed to different Ti 
concentrations of rutile and anatase NPs. Results are mean + standard deviation. Significant differences (p 
< 0.05) among conditions are represented with different letters (lowercase letters for rutile NPs; uppercase 
letters for anatase NPs). Significant differences (p < 0.05) between the two forms of TiO2 NPs at each 
exposure concentration are represented with an asterisk. 
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side). Ti concentration, histopatological indices, GLY and GPx were the variables best 
correlated with PCO1 negative side (r > 0.75), being associated with 100 µg/L of Ti both for 
rutile and anatase NPs. The variables LPO, ETS and SOD were highly correlated with PCO2 
positive side (r > 0.75), being close related to 50 µg/L of Ti for anatase NPs. 
 
3.2. Rutile nanoparticles and warming conditions 
3.2.1. Rutile characterization 
The structural and microstructural characterization of rutile NPs was verified by 
XRD, -196 °C N2-sorption isotherms and SEM techniques. It was confirmed that the 
particles used presented rutile tetragonal phase with lattice parameters of a=b=4.5922 Å and 
c=2.9578 Å. The density of the NPs was determined from XRD pattern using the lattice 
Fig. 18 Centroids ordination diagram (PCO) based on biochemical descriptors, histopathological indices 
and Ti concentration, measured in Mytilus galloprovincialis exposed to different Ti concentrations of rutile 
(5, 50 and 100 R) and anatase (5, 50 and 100 A) NPs. Pearson correlation vectors are superimposed as 




parameters and had a value of 4.27 g/cm3. The diameter of particles was measured on 45 
particles of the SEM micrographs (not shown) and had an average value of 694 nm. The 
diameter of the particles calculated using the specific surface area (SBET, determined as being 
equal to 3 m2/g) was 428 nm. The difference between the particle diameter calculated from 
the SEM and SBET measurements indicate the agglomeration of the particles (aggregates) 
(Table 2). 
Regarding the particles characterization in the exposure medium, it was not possible 
to detect the particles on the collected water samples.  
 
3.2.2. Ti concentrations in water and mussel’s samples  
In all the collected water samples Ti concentration was below the detection limit (2 
µg/L). 
Under both temperatures, Ti concentration in M. galloprovincialis was significantly 
higher in mussels exposed to the highest concentration (100 µg/L of Ti) (Table 4). When 
comparing temperatures, significant differences were only obtained at the highest tested 
concentration, with higher values at 18 °C. 
 
Table 4 Concentrations of Ti (µg/g) in mussel’s soft tissues after 28 days of exposure to each condition (CTL, 
5, 50 and 100 µg/L of Ti) and both temperatures (18 and 22 °C). Results are mean ± standard deviation. 
Significant differences (p < 0.05) among conditions are represented with different letters (lowercase letters 
for 18 °C; uppercase letters for 22 °C). Significant differences (p < 0.05) between the two temperatures at 
each exposure concentration are represented with an asterisk. 
 
 
Exposure conditions [Ti] (µg/g) 
18 °C 
CTL 2.1±0.3 a 
5 µg/L 2.4±1.0 a 
50 µg/L 2.5±0.4 a 
100 µg/L 4.5±0.3 b* 
22 °C 
CTL 1.8±0.7 A 
5 µg/L 2.3±0.6 A 
50 µg/L 2.2±0.6 A 
100 µg/L 3.3±0.4 B* 
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3.2.3. Histopathological parameters 
Mussel’s gills and digestive glands showed several histopathological alterations that 
were detectable and measurable.  
The present results showed that exposure to rutile NPs at different concentrations leads 
to an increase of damage severity in a dose dependent manner in mussel’s gills under both 
temperatures. At 18 °C, exposed mussel’ gills showed a progressive increase of hemocytes 
infiltration, lipofuscin aggregates and enlargement of the central vessel (Fig. 19). At 22 °C 
there was a progressive increase of hemocytes infiltration and lipofuscin aggregates. Also, 
at increased temperature both the loss of cilia and the enlargement of the central vessel were 
higher at the highest concentration (Fig. 19).  
 
 
Fig. 19 Micrographs of histopathological alterations observed in the gills of Mytilus galloprovincialis 
exposed to different Ti concentrations stained with hematoxylin: lipofuscin aggregates (*); enlargement of 
the central vessel; hemocytes infiltration (circles) and loss of cilia (arrows). Scale bar 50 μm. 
 
The analysis of the digestive gland (Fig. 20) showed that at 18 °C, exposed mussel’s 
digestive glands presented a progressive increase of hemocytes infiltration, atrophy and 
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accumulation of lipofuscin. No necrosis was found at any concentration. At 22 °C there was 
a progressive increase of hemocytes infiltration and atrophy. The necrosis alterations 
appeared at concentrations of 50 and 100 µg/L of Ti (Fig. 20). 
 
 
Fig. 20 Micrographs of histopathological alterations observed in the digestive tubules of Mytilus 
galloprovincialis exposed to different Ti concentrations stained with hematoxylin: atrophied digestive tubule 
(at) and lipofuscin accumulation (*). Scale bar 50 μm. 
 
Under both temperatures, the histopathological index (Ih) obtained for mussel’s gills 
(Fig. 21A) significantly increased along the exposure gradient, with the highest values in 
mussels exposed to the highest concentration. Comparing temperatures, Ih was significantly 
higher at 22 °C in organisms exposed to 50 µg/L of Ti. Under both temperatures the Ih 
obtained for mussel’s digestive gland (Fig. 21B) was significantly higher in rutile NPs 
exposed mussels, with the highest values in mussels exposed to the highest concentration. 





Fig. 21 A: Histopathological index in gills (Ih G); B: Histopathological index in digestive tubules (Ih DG), in 
Mytilus galloprovincialis exposed to different Ti concentrations of rutile NPs under different temperatures 
(18 °C and 22 °C). Results are mean + standard deviation. Significant differences (p < 0.05) among 
conditions are represented with different letters (lowercase letters for 18 °C; uppercase letters for 22 °C). 
Significant differences (p < 0.05) between the two temperatures at each exposure concentration are 
represented with an asterisk. 
 
3.2.4. Biochemical parameters 
3.2.4.1. Metabolic capacity and energy reserves 
Under control temperature (18 °C) no significant differences were observed in terms 
of ETS values between contaminated and non-contaminated mussels. At 22 °C significantly 
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higher ETS values were observed in mussels exposed to 5 and 50 µg/L of Ti in comparison 
to mussels and control and the highest exposure concentration (100 µg/L of Ti). Significant 
differences between temperatures were only observed in mussels exposed to the lowest Ti 
concentration (5 µg/L), with the highest values in mussels under increased temperature (Fig. 
22A). 
The GLY content in mussels exposed to 18 °C was significantly higher in 
contaminated mussels in comparison to non-contaminated ones. At warming conditions 
significantly higher values were observed at the highest exposure concentration. No 
significant differences were observed between both temperatures for each of the tested 
concentrations, while in non-contaminated mussels significantly higher GLY content was 
observed in organisms under temperature rise (Fig. 22B). 
In terms of PROT content, under control temperature contaminated mussels tended 
to present lower values than control organisms, but significant differences were only 
observed between control and 5 µg/L exposed organisms. At 22 °C mussels exposed to rutile 
NPs presented significantly lower PROT content in comparison to control organisms. No 
significant differences were observed between temperatures for each of the tested 





Fig. 22 A: Electron transport system activity (ETS), B: Glycogen content (GLY) and C: Protein content 
(PROT), in Mytilus galloprovincialis exposed to different Ti concentrations of rutile NPs under different 
temperatures (18 °C and 22 °C). Results are mean + standard deviation. Significant differences (p < 0.05) 
among conditions are represented with different letters (lowercase letters for 18 °C; uppercase letters for 22 
°C). Significant differences (p < 0.05) between the two temperatures at each exposure concentration are 
represented with an asterisk. 
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3.2.4.2. Antioxidant and biotransformation defenses 
In comparison to control values, at 18 °C the activity of SOD increased at the lowest 
exposure concentration (5 µg/L of Ti) while significantly decreased at higher exposure 
concentrations (50 and 100 µg/L of Ti). At warming conditions SOD activity significantly 
increased along the exposure gradient, with the highest values in mussels exposed to the 
highest concentration. Comparing temperatures, SOD activity was significantly higher at 18 
°C in organisms exposed to the control and the lowest tested concentration while an opposite 
pattern was observed at higher concentrations (Fig. 23A). 
The activity of CAT showed no significant differences among tested conditions 
under control temperature. At 22 °C contaminated mussels tended to decreased their CAT 
activity with the lowest value in organisms exposed to 50 µg/L of Ti. When comparing 
temperatures significantly higher CAT values were observed in organisms exposed to 5 and 
100 µg/L of Ti at 22 °C (Fig. 23B). 
Under control temperature contaminated mussels showed significantly higher GPx 
activity that non-contaminated mussels. Under increased temperature no significant 
differences were observed among conditions. Differences between temperatures were only 
observed in organisms exposed to 50 µg/L of Ti, with the highest activity at the highest 





Fig. 23 A: Superoxide dismutase activity (SOD); B: Catalase activity (CAT); and C: Glutathione peroxidase 
activity (GPx), in Mytilus galloprovincialis exposed to different Ti concentrations of rutile NPs under 
different temperatures (18 °C and 22 °C). Results are mean + standard deviation. Significant differences (p 
< 0.05) among conditions are represented with different letters (lowercase letters for 18 °C; uppercase 
letters for 22 °C). Significant differences (p < 0.05) between the two temperatures at each exposure 
concentration were represented with an asterisk. 
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Mussels maintained at control temperature showed significantly higher GSTs activity 
at the highest exposure concentration. At increased temperature mussels tended to maintain 
similar GSTS levels, but a significant decrease was observed in organisms exposed to 50 
µg/L of Ti in comparison to the ones exposed to 5 µg/L. Mussels maintained at 18 °C showed 
significantly higher GSTs values, except at 5 µg/L (Fig. 24). 
Fig. 24 Glutathione S-transferases activity (GSTs), in Mytilus galloprovincialis exposed to different Ti 
concentrations of rutile NPs under different temperatures (18 °C and 22 °C). Results are mean + standard 
deviation. Significant differences (p < 0.05) among conditions are represented with different letters 
(lowercase letters for 18 °C; uppercase letters for 22 °C). Significant differences (p < 0.05) between the two 
temperatures at each exposure concentration were represented with an asterisk. 
 
3.2.4.3. Cellular damage  
Organisms under control temperature tended to maintain their LPO levels, with 
significantly lower values only at the lowest exposure concentration in comparison to the 
remaining conditions. At increased temperature contaminated mussels showed lower LPO 
levels than non-contaminated ones, but significant differences to the control were only 
observed at 5 µg/L of Ti. Significantly higher LPO levels were observed in mussels exposed 





3.2.4.4. Neurotoxicity  
Under control temperature the activity of AChE was significantly increased at 50 and 
100 µg/L of Ti, while at 22 °C no significant differences were observed among conditions. 
Comparing both temperatures, AChE values were significantly higher at 22 °C under control 
and the lowest exposure concentration, and significantly higher at 18 °C under the 
intermediate concentration (Fig. 26). 
Fig. 26 Acetylcholinesterase activity (AChE), in Mytilus galloprovincialis exposed to different Ti 
concentrations of rutile NPs under different temperatures (18 °C and 22 °C). Results are mean + standard 
deviation. Significant differences (p < 0.05) among conditions are represented with different letters 
(lowercase letters for 18 °C; uppercase letters for 22 °C). Significant differences (p < 0.05) between the two 
temperatures at each exposure concentration were represented with an asterisk. 
 
Fig. 25 Lipid peroxidation levels (LPO) in Mytilus galloprovincialis exposed to different Ti concentrations 
of rutile NPs under different temperatures (18 °C and 22 °C). Results are mean + standard deviation. 
Significant differences (p < 0.05) among conditions are represented with different letters (lowercase letters 
for 18 °C; uppercase letters for 22 °C). Significant differences (p < 0.05) between the two temperatures at 
each exposure concentration were represented with an asterisk. 
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3.2.5. Multivariate analysis 
Results from the PCO analysis are presented in Fig. 27. The first principal component 
axis (PCO1), which represents 33.8% of the variability, separated non-contaminated 
organisms (control conditions at both temperatures) and mussels exposed to 5 and 50 µg/L 
under 22 °C in the positive side from the remaining conditions in the negative side. PCO2 
axis explained 29.4% of the variability, clearly separating organisms exposed to the control 
temperature (18 °C) (positive side) from organisms exposed to warming conditions (negative 
side). PROT was positively associated to PCO1 positive axis, while Ti concentration was 
highly correlated with PCO1 negative axis (r > 0.75). CAT and LPO levels were close 
associated with organisms exposed to higher temperature and lower Ti concentrations (5 and 
50 µg/L) while histopathological indices (Ih G and Ih DG), GPx, and GLY were close related 
with organisms exposed to the highest Ti concentration at 22 °C (r > 0.75). GSTs were close 
related to organisms exposed to rutile NPs at 18 °C (r > 0.75). 
Fig. 27 Centroids ordination diagram (PCO) based on biochemical descriptors, histopathological indices 
and Ti concentration, measured in Mytilus galloprovincialis exposed to different Ti concentrations of rutile 
NPs under different temperatures (18 °C and 22 C). Pearson correlation vectors are superimposed as 
























The present study evaluated the impacts induced by rutile and anatase NPs, as well 
as temperature rise in the species M. galloprovincialis assessing mussel’s Ti 
bioaccumulation, histopathological alterations and biochemical effects, including impacts 
on organisms metabolism, energy reserves, oxidative and neurotoxic status.  
 
4.1. Rutile and Anatase characterization and quantification in water 
samples 
In the present study, it was no possible to characterize and quantify the particles on 
water samples collected from exposure assays, which may be related to the fact that TiO2 
NPs rapidly agglomerates in seawater and tend to precipitate to the bottom of the aquaria. 
Also Canesi et al. (2010) and Zhu et al. (2011) showed that TiO2 NPs form agglomerates in 
artificial seawater and tend to sink rapidly, they correlated this with the high ionic strength 
of the seawater. This happens because with increasing ionic strength the barrier to avoid 
agglomeration decreased (Jiang et al., 2009). Therefore, it was not possible to associate the 
detected differences in terms of biological effects to differences in rutile and anatase 
behaviour in seawater. 
 
4.2. Rutile and Anatase nanoparticles 
The histopathological and biochemical impacts observed in mussels were clearly 
associated with the Ti concentration observed in their soft tissues, which increased along the 
exposure gradient, with the highest impacts and Ti concentrations in mussels at the highest 
tested concentration regardless the TiO2 form (rutile or anatase). Ciacci et al. (2012) showed 
that aggregation increases with increasing concentration and Ward and Kach (2009) 
demonstrated that bivalves more efficiently capture and ingest NPs that are incorporated into 
agglomerates compared to those freely dispersed. So, the present results may indicate that 
higher concentration may result into larger or more aggregates and higher accumulation, 
leading to higher toxicity. 
In detail, histopathological observations confirmed that both forms of TiO2 NPs 
induced alterations in mussel’s gills and digestive tubules. Since gills interact with the 
surrounding environment, they are one of the main target organs for contaminants (Evans, 
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1987; Au, 2004; Rajalakshmi and Mohandas, 2005). In the present study, the exposure to 
rutile and anatase NPs resulted in abundance of lipofuscin aggregates, hemocyte infiltration 
and enlargement of the central vessel. The presence of lipofuscin aggregates was previously 
associated with oxidative stress in bivalves (Livingstone et al., 2006), which is in accordance 
with the present results obtained in mussels exposed to anatase NPs. However, in mussels 
exposed to rutile NPs the appearance of these aggregates was not accompanied by cellular 
damage which may indicate the low toxicity of rutile in terms of biochemical changes and, 
on the other hand, higher responsiveness of mussels in terms of histopathological changes 
towards this TiO2 form. In what regards to hemocytes infiltration these alterations are clearly 
a consequence of mussels exposure to rutile and anatase NPs. Similar alterations were 
already observed by Bignell et al. (2011) and Amachree et al. (2014) in mussels exposed to 
other stressful conditions, namely the presence of pathogens and mercury, respectively. The 
loss of cilia was only observed in mussels exposed to anatase NPs, which again can indicate 
higher toxicity of these NPs in comparison to rutile. According to Pagano et al. (2016), the 
loss of cilia may lead to difficulties in filtering food and breathing problems, highlighting 
possible physiological impairments in mussels exposed to these NPs which can compromise 
mussels growth and reproduction success. Previous studies conducted by D’Agata et al. 
(2014) also showed that mussels suffered histopathological alterations in gills due to 
exposure to ‘bulk’ TiO2 and TiO2 NPs, while Sunila (1988) demonstrate similar impacts due 
to cadmium, copper, lead, cobalt, iron and silver. 
Bivalves’ digestive gland has also been widely used for toxicity evaluation (Bignell 
et al., 2008; Marigómez et al., 2013) because it is the major organ involved in organism’s 
homeostatic regulation, immune defense mechanisms and metabolism (Moore and Allen, 
2002; Livingstone et al., 2006). The results obtained in the present study showed that rutile 
and anatase NPs caused atrophy of this organ that according to Cuevas et al. (2015) 
corresponds to a reduction in the thickness of epithelia followed by the expansion of the 
digestive tubule lumen. Rutile and anatase NPs also caused hemocytes infiltration and 
accumulation of lipofuscin in digestive tubules. Previous studies also demonstrated that 
diamond NPs (Cid et al., 2015), cadmium-based quantum dots (Jimeno-Romero et al., 2019) 




Regarding mussels biochemical changes, and in particular mussels metabolism, the 
results obtained showed that organisms metabolic capacity was not altered when exposed to 
rutile NPs, which may indicate that the Ti concentrations tested under this form were not 
enough to impact mussel’s metabolism. Other authors also demonstrated that low 
concentrations of mercury and carbon NPs had no effects on mussel’s metabolism (Coppola 
et al., 2017; Andrade et al., 2019). However, when mussels were exposed to anatase NPs an 
increase on their metabolic capacity was observed, especially at intermediate Ti 
concentration, showing that mussels exposed to this TiO2 form were probably trying to 
prevent the effects of Ti, namely activating antioxidant and biotransformation defense 
mechanisms which requires higher metabolic capacity. Similarly, Monteiro et al. (2019b) 
demonstrated that M. galloprovincialis exposed to high concentration of Ti (100 µg/L) 
increased their metabolic capacity. In this way, the present findings may indicate that 
although Ti concentrations were similar in mussels exposed to both TiO2 forms, it seems 
that anatase can induce greater metabolic alterations than rutile. Thus, in accordance to 
published studies and the present findings, it seems that mussel’s metabolic capacity may 
depend on the contaminant type and the concentration tested, with higher concentrations 
exerting higher impacts. 
Regarding mussels energy reserves, the present study demonstrated that organisms 
were able to avoid the expenditure of GLY, regardless the TiO2 form. These results followed 
the ability of mussels to maintain their ETS activity when exposed to rutile NPs, indicating 
that in stressful conditions mussels try to prevent the impacts by limiting their metabolic 
activity and saving GLY expenditure. The ability to maintain the ETS activity followed by 
the increased of GLY content was observed by Coppola et al. (2018) in M. galloprovincialis 
after exposure to arsenic. The results obtained further revealed that the increased of 
metabolic capacity in mussels exposed to anatase NPs was not high enough to lead to the 
expenditure of GLY. Once again, such results may highlight that the Ti concentrations tested 
were not high enough to lead to mussel’s energy reserves expenditure or other energy 
reserves (such as lipids) were used to fuel up defense mechanisms. This pattern was also 
observed by Monteiro et al. (2019b) in M. galloprovincialis after exposure to Ti. 
Nevertheless, in what regards to PROT content, this reserve decreased in mussels exposed 
to rutile and anatase NPs, indicating that organisms were using proteins and were not able 
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to increase their production under the exposure conditions, probably because the stress 
induced was not sufficient to activate the production of enzymes.  
In what regards to oxidative stress, my findings suggest that the activity of 
antioxidant defenses in mussels exposed to rutile NPs were, for most of the enzymes, not 
increased with the increasing exposure concentration, corroborating the hypothesis that the 
conditions tested were not sufficient to induce biochemical changes in mussels, namely 
increase on their antioxidant defenses. Another possibility is that biotransformation 
defenses, namely GSTs enzymes, were involved in cells detoxification from Ti, which was 
noticed at the highest exposure concentration and, for this reason, there was no need for 
antioxidant enzymes activation. The GSTs are an important group of enzymes whose 
function is catalyze the conjugation of a xenobiotic with glutathione (GSH) (Townsend and 
Tew, 2003) as well as inactivate lipid peroxidation products through the use of GSH as a 
reducing agent (Sturve et al., 2008). Previous studies demonstrated the non-activation of 
antioxidant enzymes while GSTs were activated, namely in M. galloprovincialis exposed to 
arsenic (Coppola et al., 2018) and in the same species exposed to silver NPs (Ale et al., 
2019). Nevertheless, in mussels exposed to anatase NPs an opposite behaviour was detected, 
with mussels increasing their antioxidant defenses while decreasing the biotransformation 
defenses (GSTs). These findings may result from the higher ROS production resulting from 
higher toxicity of anatase but also from the activation of mussel’s metabolic capacity, 
assessed by the activity of ETS, since the mitochondrial transport system is one of the main 
ROS generators, leading to the activation of antioxidant enzymes.  
As a consequence of low rutile toxicity, the results obtained revealed low cellular 
damages in mussels exposed to this TiO2 form. Since antioxidant defenses were not 
significantly activated, the present results highlight the low toxicity of rutile NPs as well as 
the efficiency of the biotransformation defense system to detoxify rutile NPs. Nonetheless, 
mussels exposed to anatase NPs suffered cellular damages despite the increase in antioxidant 
defenses. In this case, cellular damages may result from the excessive production of ROS 
and the inefficient ability of mussels to activate GSTs. Similarly, Andrade et al. (2019) also 
demonstrated that M. galloprovincialis exposed to carbon nanotubes lead to cellular 
damages and decreased in GSTs activity. 
Overall, the present study showed that, although at each exposure concentration 
similar Ti concentrations were observed in mussels exposed to both forms, higher metabolic 
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and oxidative stress impacts were caused by anatase. These results are in agreement with 
several studies that already proved that anatase NPs are more toxic than rutile NPs 
(Braydich-Stolle et al., 2009; Zhang et al., 2013), which authors associated with the structure 
and the lower particle size of anatase. In particular, Zhang et al. (2013) demonstrated that 
the 25 nm anatase particles induced the strongest cytotoxicity and oxidative stress, followed 
by 5 and 100 nm anatase particles; in contrast, 100 nm rutile particles induced the lowest 
toxicity. The results showed that the diameters of particles measured on SEM micrographs 
(calculated based in diameter of 45 particles) were 694 nm for rutile and 94 nm for anatase, 
which may explain higher toxicity of anatase. Also Iswarya et al. (2016) demonstrated that 
anatase NPs were highly toxic than rutile NPs under visible irradiation in Ceriodaphnia 
dubia, and also correlated with crystalline form and the aggregation of NPs. 
The present study further revealed that rutile and anatase NPs induced neurotoxicity 
in mussels. The increased in AChE activity is probably due to organisms' attempts to reduce 
neurotransmitter excess in the synaptic clefts (Pan et al., 2012; Rajkumar, 2013). It has been 
reported the increase on AChE activities reflected neurotoxicity of TiO2 NPs in the scallop 
Chlamys farreri (Xia et al., 2017), with higher values in contaminated organisms. 
 
4.3. Rutile nanoparticles and warming conditions 
The present study revealed that differences in Ti concentrations found in mussel’s 
tissues were only observed at the highest exposure concentration, with higher values at lower 
temperature (18 ºC, control). These findings may be explained by Ti behavior at higher 
temperature. Studies conducted by Mikulášek et al. (1997) revealed that the interactive 
forces of TiO2 are affected by temperature, showing that the increase of the temperature 
leads to a reduction of dispersion shear stress of these NPs. The authors explained this effect 
as a result of a decrease in the interactive forces between particles with temperature. For this 
reason, it was expected that at higher temperature higher aggregation occurred which, 
previous studies identified as a factor that contributes to higher accumulation and toxicity. 
In particular, Ward and Kach (2009) demonstrated that bivalves more efficiently capture and 
ingest NPs that are incorporated into agglomerates compared to those freely dispersed. 
However, in the present study higher accumulation was observed at lower temperature 
(smaller particles). Therefore, at higher temperature the lowest accumulation may be 
explained by higher precipitation of larger aggregates limiting the availability and 
60 
 
accumulation of the NPs. Canesi et al. (2010) and Zhu et al. (2011) showed that TiO2 NPs 
form aggregates in artificial seawater and thus tend to precipitate rapidly. Therefore, higher 
aggregates at higher temperature may precipitate faster.  
In terms of histopathological impacts, the present study clearly revealed that both 
gills and digestive glands were responsive to rutile NPs, in a dose-dependent response, with 
higher alterations observed at increased temperature (22 °C). In particular, the results 
obtained demonstrated that rutile NPs and temperature induced histopathological alterations 
in gills and digestive tubules of contaminated mussels. Regarding gills, the presence of rutile 
NPs caused mainly hemocyte infiltration which, according to different authors (Bignell et 
al., 2011; Costa et al., 2013; Cuevas et al., 2015; Rocha et al., 2016), are associated with 
inflammatory responses. Also, rutile NPs caused enlargement of the central vessel and 
abundance of lipofuscin aggregates. According to Höhn and Grune (2013), the presence of 
lipofuscin aggregates may indicate oxidative stress in the affected cells, which corroborates 
LPO levels observed in mussels exposed to 22 ºC. On the other hand, at 18 ºC there were no 
evidences of LPO which may show the low toxicity of rutile NPs at control temperature in 
terms of biochemical changes despite the effects in terms of histopathological changes. At 
increased temperature contaminated organisms also evidenced loss of cilia that can lead to 
difficulties in filtering food and breathing problems (Pagano et al., 2016). Therefore, the 
present findings are in line with other studies that already demonstrated histological 
alterations in bivalve’s gills when exposed to pollutants, namely lanthanum (La) (Pinto et 
al., 2019), mercury (Amachree et al., 2014), and ‘bulk’ TiO2 and TiO2 NPs (D’Agata et al., 
2014).  
Regarding digestive tubules, for both temperatures the exposure to rutile NPs caused 
mainly hemocytes infiltration, accumulation of lipofuscin and atrophy that consists in a 
reduction in the thickness of epithelia accompanied by the enlargement of the digestive 
tubule lumen (Cuevas et al., 2015). At 22 °C, mussels exposed to 50 and 100 µg/L of rutile 
NPs showed signs of necrosis that is characterized by cellular rupture (do Amaral et al., 
2019). Similarly, studies assessing impacts of contaminants, such as La (Pinto et al., 2019), 
cadmium-based quantum dots (Rocha et al., 2016) and various metals (cadmium, chromium, 
copper, mercury, nickel, lead, zinc) (Cuevas et al., 2015) demonstrated histological 
alterations in digestive tubules in mussels. 
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The results obtained further evidenced that temperature greatly influenced mussel’s 
biochemical performance, however, the present study also demonstrated that rutile NPs were 
responsible for biochemical alterations in mussels. This response may be related to higher 
Ti bioaccumulation in mussels exposed to the highest exposure concentration. Furthermore, 
temperature influenced the accumulation of Ti in mussel’s tissues, with higher accumulation 
levels at 18 °C. Therefore, differences in mussel’s biochemical responses observed at both 
temperatures may be related to increased sensitivity of organisms to rutile due to temperature 
rise. Previous studies already demonstrated that bivalves increased the accumulation of 
pollutants along an increasing exposure gradient (Velez et al., 2015, 2016) while studies 
with TiO2 demonstrated significantly higher accumulation in mussel’s tissues only at the 
highest exposure concentration (5, 50, 100 µg/L, Monteiro et al., 2019b). Studies assessing 
the impacts of pollutants under warming conditions evidenced contrasting results, with 
higher accumulation levels of arsenic in mussels under increased temperatures (Coppola et 
al., 2018), while triclosan concentrations were higher in mussels exposed to control 
temperature and no temperature effects were noticed on chromium bioaccumulation (Pirone 
et al., 2019). Thus, the present findings and results from studies already published may 
indicate that under temperature rise bioaccumulation of pollutants may differ with the 
pollutant. 
The present results also demonstrated that the effects caused by the presence of rutile 
NPs and temperature seemed to be additive for some of the responses measured, with higher 
impacts in contaminated organisms exposed to warming conditions (22 °C) compared to 
contaminated mussels at control temperature (18 °C). In particular, the metabolic capacity 
of mussels was not altered in organisms exposed to rutile NPs at 18 °C, revealing that the 
concentrations tested were not enough to impact mussel’s metabolism. However, when 
exposed to increased temperature the impacts of the NPs on mussel’s metabolism were 
noticed, especially at 5 and 50 µg/L, evidencing that the toxicity of rutile NPs may be 
enhanced under warming conditions or, on the other hand, the sensitivity of mussels to these 
NPs may increase under higher temperature. Because non-contaminated mussels exposed to 
22 °C did not show any significant alteration on ETS activity compared to non-contaminated 
mussels exposed to 18 °C I may hypothesize that alterations on mussel’s metabolism resulted 
from the increased toxicity of rutile NPs under 22 °C, with mussels increasing their 
metabolic capacity to activate defense mechanisms. These results can indicate that mussels 
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exposed to higher temperature and lower rutile concentrations were able to activate their 
metabolism probably to fight against high stress levels, but with increasing exposure 
concentrations mussels were no longer able to maintain this behaviour. Metabolic depression 
was already described in mussels as a response to pollutants exposure, normally associated 
with bivalve’s capacity to maintain their valves closed and reduce the filtration rate and 
avoid accumulation of xenobiotics. Thus, the present findings are in agreement with previous 
studies also conducted with M. galloprovincialis which demonstrated a metabolic depression 
as a response to the exposure to pollutants, namely Ti (Monteiro et al., 2019a), La (Pinto et 
al., 2019) and gadolinium (Henriques et al., 2019).  
In terms of energy reserves the present study showed that mussels were able to 
preserve the expenditure of GLY, especially noticed at the most stressful conditions (100 
µg/L at both temperatures). These results follow the decreased of ETS activity at 22 °C, 
indicating that higher stressful conditions mussels try to prevent the impacts by limiting their 
metabolic activity and saving GLY. Previous studies already evidenced the capacity of 
bivalves to preserve their energy reserves when under stressful conditions, a behaviour 
normally associated with a decreasing metabolic activity. In particular, Monteiro et al. 
(2019a,b) showed an increase in GLY content in M. galloprovincialis with increasing Ti 
concentration. Also, Duquesne et al. (2004) demonstrated the same pattern in Macoma 
balthica exposed to cadmium.  
However, in what concerns to PROT content the results obtained showed a different 
response, with a tendency to decrease the PROT content with the increase of rutile NPs 
exposure concentration, especially noticed at higher temperature. These findings may 
indicate that mussels were not able to increase the production of proteins under the stress 
conditions, which can point out that the stress induced was not enough to increase the 
production of proteins (namely enzymes) and therefore this energy resource tended to 
decrease, especially at the highest exposure concentration. De Marchi et al. (2018) showed 
a decrease in PROT content in Ruditapes philippinarum exposed to carbon nanotubes. 
In terms of oxidative stress the present results suggest that at 18 °C the activity of 
antioxidant defenses was not activated with the increasing exposure concentration, 
corroborating the hypothesis that the concentrations tested were not enough to activate 
antioxidant defenses, or other mechanisms of defense, such as detoxification mechanisms, 
were enough to prevent impacts especially at higher concentrations. In fact, the limited 
63 
 
increase in mussel’s antioxidant defenses could be related to increased activity of their 
detoxification capacity, here evidenced by increased glutathione-S-transferases (GSTs) 
activity, especially at higher rutile concentrations. When exposed to pollutants organisms 
develop mechanisms of defense that are responsible for lowering the stress induced. Such 
mechanisms involve the detoxification of xenobiotic substances as the case of GSTs that 
main function is to catalyse the conjugation of a diverse array of electrophilic compounds 
with glutathione (Regoli and Giulianni, 2014). Coppola et al. (2018) demonstrated that at 
control temperature and in the presence of arsenic the activity of antioxidant defenses (SOD 
and CAT) in M. galloprovincialis were not significantly increased which was associated 
with the capacity of bivalves to activate detoxification mechanisms (GSTs). Also Ale et al. 
(2019) showed that the activity of CAT was not activated in M. galloprovincialis exposed to 
silver NPs while the activity of GSTs was activated. A study conducted by Mezni et al. 
(2018) showed that the activity of SOD was not significantly increased in digestive glands 
of M. galloprovincialis at control temperature exposed to a gradients of TiO2 NPs. Monteiro 
et al. (2019a) demonstrated an increase of GSTs activity with increasing exposure 
concentrations of Ti in M. galloprovincialis. Nevertheless, at higher temperature an opposite 
behaviour was observed, with mussels increasing the activity of SOD with the increase of 
rutile NPs concentration while CAT was inhibited in contaminated organisms. Such findings 
may result from the inefficient capacity of GSTs to detoxify rutile at warming conditions 
which, in turn, resulted into higher stress levels and activation of antioxidant defenses (SOD) 
and inhibition of CAT that could result from extreme stress conditions. It was already 
demonstrated that GSTs may be inhibited in bivalves exposed to warming conditions which 
may result into higher stress levels and inhibition of antioxidant enzymes at extreme 
conditions. Coppola et al. (2018) showed that M. galloprovincialis increased the activity of 
antioxidant defenses when exposed to 1 mg/L of arsenic and under warming conditions. 
Pirone et al. (2019) also demonstrated that the activity of antioxidant defenses was not 
activated in M. galloprovincialis at control temperature exposed to 50 μg/L of lead but at 22 
°C mussels increased the activity of SOD. The inhibition of GSTs was demonstrated by 
Andrade et al. (2019) when exposed M. galloprovincialis to carbon nanotubes under 
warming conditions. 
In what regards to cellular damage, the results here presented showed that no lipid 
peroxidation (LPO) occurred in contaminated mussels at 18 °C evidencing that no cellular 
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damage was observed in mussels exposed to rutile NPs under control temperature, probably 
due to low toxicity of rutile. These results also highlight the efficiency of the 
biotransformation defense system to detoxify rutile NPs. Such response may result from the 
increased capacity of mussels to activate their detoxification mechanisms, preventing 
organisms from cellular damage and oxidative stress. On the other hand, at increased 
temperature cellular damages were observed although antioxidant mechanisms were 
enhanced in contaminated organisms resulting into a general oxidative status in mussels 
exposed to higher temperature and rutile NPs. This situation may also result from the 
inefficient capacity of mussels to activate GSTs and eliminate rutile NPs. Previous studies 
conducted by Coppola et al. (2017, 2018) have already showed that no LPO occurred in 
contaminated mussels (M. galloprovincialis) exposed mercury and arsenic respectively 
during 14 days at control temperature, while under higher temperature (22 °C) LPO levels 
increased. Also Freitas et al. (2017) showed higher LPO levels in M. galloprovincialis 
exposed to mercury under warming conditions compared to control temperature.  
The present study further demonstrated the neurotoxic capacity of rutile NPs at 
control temperature while no changes were observed at warming conditions. Such results 
may indicate that at 18 °C the activity of AChE is enhanced probably because the organisms 
attempt to reduce neurotransmitter excess in the synaptic clefts, which was already showed 
in the bivalve Perna indica exposed to arsenic (Rajkumar, 2013) and in Scrobicularia plana 
exposed to gold nanoparticles (Pan et al., 2012). At higher temperature it seems that the 
effect of temperature overlaps the effect of rutile NPs. It has been reported that TiO2 NPs 






























This study provides information concerning the potential risk of anatase and rutile 
TiO2 NPs and warming conditions for the aquatic environment and inhabiting organisms, by 
assessing biochemical and histopathological effects in Mytilus galloprovincialis, a species 
with high ecological and economical relevance.  
The most common form of TiO2 is rutile and this study demonstrate that rutile NPs 
induced less biochemical alterations in M. galloprovincialis in comparison to anatase NPs, 
especially in term of oxidative stress. In particular, the increase in cellular damage and 
antioxidant defenses. However, both forms of TiO2 NPs were responsible for Ti 
bioaccumulation as well as histopathological alterations in mussels, in a concentration-
dependent way, with higher injuries identified in mussels exposed to higher Ti 
concentrations, regardless the TiO2 form. From the results obtained it is possible to identify 
that the most sensitive biomarkers for the different NPs were the ETS, representing the 
metabolic capacity, antioxidant defenses (SOD and CAT), biotransformation defenses 
(GSTs) and cellular damage (LPO), because they demonstrated that anatase NPs induce 
higher toxic effect in this species than rutile. 
When organisms are exposed to rutile NPs at two different temperatures, higher toxic 
impacts are revealed under warming conditions in comparison to mussels exposed to rutile 
NPs at control temperature, suggesting that temperature rise may significantly increase the 
sensitivity of bivalves towards pollutants. Such increased under warming conditions can 
result from the inefficient capacity of biotransformation enzymes (GSTs) that under increase 
temperature were inhibited. The most sensitive biomarkers for temperature were the ETS, 
SOD, GSTs, LPO and AChE, since they showed that warming increased the toxicity of rutile 
NPs. 
In future works it is important to investigate the effects of anatase NPs in combination 
with warming and the combination of both forms of TiO2 NPs, as well as the NPs under 
other climate stressors, such as pH and salinity variations. 
It is possible to conclude that both TiO2 forms may generate ecological and socio-
economic consequences, such as mussels reproductive and feeding capacity, growth and, 
consequently, mussels heath and survival, which may eventually result in biodiversity loss 
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